The finite element model has been used as an effective tool in human spine biomechanics. Biomechanical finite element models have provided basic insights into the workings of the cervical spine system. Advancements in numerical methods during the last decade have enabled researchers to propose more accurate models of the cervical spine. The new finite element model of the cervical spine considers the accurate representation of each tissue regarding the geometry and material. The aim of this paper is to address the new advancements in the finite element model of the human cervical spine. The procedures for creating a finite element model are introduced, including geometric construction, material-property assignment, boundary conditions and validation. The most recent and published finite element models of the cervical spine are reviewed.
Development of a Finite Element model of the Human Cervical Spine

Sonlu Eleman Yöntemi ile Servikal Omurga Modelinin Oluşturulması
INTRoduCTIoN
The cervical region is a frequent site of injury in the spinal column. Most of the injuries are soft tissue injuries and are caused by automobile accidents. To understand the underlying mechanisms of injury and dysfunction, biomechanical models are introduced as versatile tools. These models may be helpful for the prevention, diagnosis, and treatment of clinical conditions. The finite element (FE) model is one of the critical biomechanical models that provide basic insights into the workings of the cervical spine. Physical models, in vitro models and in vivo models are the other available biomechanical models for obtaining important information regarding cervical spine biomechanics in response to various treatments. However, in comparison with FE models, these models are limited by their inability to predict, for instance, the internal response of the cervical spine to localized stress and strain fields (32). Continuous advancements in numerical techniques and computer technology have made the finite element method an effective tool in human spinal biomechanics. Finite element modeling provides researchers with different perspectives of the spinal biomechanics, that is, stress analysis; load sharing under normal, pathologic, and stabilized conditions; and the design of anthropomorphic test devices (47, 49) . To achieve reliable results, it is crucial to use accurate anatomy, material properties, boundary and loading conditions and validation against the appropriate experimental data.
In earlier FE models, the cervical column was represented by a combination of simple rigid masses connected by beam and spring elements signifying intervertebral discs, ligaments, facet joints and muscles (2, 5) . The simple rigid masses considered as vertebrae do not produce realistic results. Thereafter, detailed FE models were suggested by researchers, (13, 24, 41, 48) . In 1996, Yoganandan et al. (48) proposed a detailed 3D FE model of the C4-C6 segment, including all of the important anatomic features such as the facet articulation surfaces and uncinate processes. The researchers used close-up computed tomography scans to create an anatomically accurate geometry for the vertebrae. The model was validated against published in vitro experimental results under axial compression only. The models that were proposed until 1998 were limited by their
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inability to predict the correct biomechanical response in complex loading modes, including axial rotation and lateral bending. In 1998, Goel et al. (13) developed a C5-C6 motion segment of the cervical spine, which was validated in all of the loading modes (including axial rotation and lateral bending) and published for the first time. Nonlinear ligament definition, a fully composite intervertebral disc, a fluid nucleus and Luschka's joint were included in this model. Teo et al. (41) developed a 3D FE model of C4-C6 to study the role of ligaments, facets and the disc nucleus on instability. Their model used a digitizing technique to obtain the accurate geometry of each vertebra. The model assumed symmetry about the mid-sagittal plane. The validation was conducted using three load configurations, including axial compression, flexion and extension.
The abovementioned, proposed models predicted the internal stresses, strains and biomechanical responses under complex loading modes. However, these models consisted of either one or two spinal motion segments, or they did not consider all features of the cervical spine. Therefore, the proposed models were insufficient to provide realistic responses of the physical multi-levels (more than two levels) of the spinal column (50) .
Based on the type of FE analysis in cervical spine biomechanics, whether static or dynamic, the necessity of considering the full cervical or multi-segment models has been defined by researchers (49) . In dynamic simulations, the vertebrae are usually considered as rigid bodies that are connected by discs and ligaments that are modeled as springs. These dynamic models include the skull and all of the vertebrae and discs (1, 25, 39) . In contrast, models that are proposed for static simulation present more details of the geometry and material properties of the cervical spine (4, 24, 27, 48) . However, these models do not include all segments of the cervical spine. More recently, full cervical spine FE models were proposed by several investigators (7, 19, 36, 50) for static analysis. In 2006, Zhang et al. (50) developed a comprehensive FE model of the C0-C7 cervical spine and head. They validated the model under 1.0 Nm pure moment applied to the skull in different directions, i.e., flexion, extension, axial rotation and lateral bending. All of the main spinal components, such as the cortical bone, cancellous bone, posterior elements, disc annulus, disc nucleus and endplate were appropriately simulated.
The objective of this study is to review the recent advancements in FE modeling of the cervical spine. The structure of this review is based on the procedure of FE modeling of the cervical spine. The cervical spine FE modeling procedure consists of the following steps: construction of vertebra, intervertebral disc and ligaments; assignment of material properties and boundary conditions; and validation by different in vitro studies.
FE ModEL of the CERvICAL SPINE
In general, the FE model of any structure consists of a finite number of "elements" that interact at their points of attachment, called "nodes". Using these elements, the modeling of complex irregular geometries, as in biomedical cases, is feasible. In the FE model of the cervical spine, various types of elements with different geometric forms (bars, plates, blocks, etc.) may be used to represent the cervical spine components (14).
A finite element model is composed of three aspects: the geometric representation, the material representation (constitutive laws) and the boundary conditions (loading and restraints). First, it is advisable to define the actual geometry of the cervical spine as closely as possible. One of technique, known as computed tomography (CT), is commonly used to provide the appropriate 3D bone details of the spine. Using CT data enables viewing a subject based upon the specific requirements of the problem (7, 13, 19, 21, 22, 48).
As an alternative to the CT technique, direct digitization of dried or embalmed cadaveric bones may provide excellent geometric fidelity at the expense of an extensive period of time (15, 26, 27, 28, 40, 41, 50) . Another major concern in FE modeling of the spine involves the material properties of the spinal components, which vary broadly, even within a specific structure. These properties have predominantly been identified via in vitro studies (13, 45). Finally, applying boundary conditions similar to those of in vitro studies prepare the model for simulation.
Model Geometry and Mesh
The first step in FE modeling of the cervical spine is obtaining the geometry of all the different components. The geometry of the cervical spine may be defined by three different groups, including vertebrae, intervertebral discs, and ligaments and facet joints. This type of division is based on the functionality of each spinal component. Various methods have been introduced in the literature to generate the geometry of each group. The vertebral geometry may be obtained via CT scan data, while discs are usually created as solid volumes filling the space between two vertebrae. Ligaments are modeled based on their origin and insertion. Facet-joint modeling depends on the type of element used. Generally, geometry construction and mesh generation are two interdependent steps. In certain cases, the spinal component is modeled by using the appropriate mesh type without geometric constructions.
The vertebral geometry is the most complicated part of model construction and consists of many free-form surfaces, such as facet surfaces and the surface upon which the disc is located. These free-form surfaces increase the time required to generate the mesh. The vertebral meshing time varies and depends on the type of mesh. There are two commonly used element types for spinal models. Tetrahedral elements are easier to generate on the curvy surfaces of vertebrae but are limited by their inability to simulate appropriate material properties (31) . Hexahedral elements, or eight-node "brick" elements, are accepted as the preferred element type for 3D nonlinear analysis (20) . However, this type of element is computationally expensive to solve and may cause discontinuities of the edges if the surface smoothing is not sufficiently performed. Zhang et al. (50) obtained the vertebral geometry using a flexible digitizer from an embalmed 68-year-old cadaveric specimen (C1-C7). The researchers used eight-node "brick" elements for the vertebrae (Figure 1) . Del Palomar et al. (7) used computed tomography scan data from a 48-year-old man to construct the 3D surface geometry of the cervical vertebrae. The vertebrae were considered rigid bodies; thus, only the exterior surfaces of the vertebrae were meshed using surface elements (triangles and quadrilaterals) (Figure 2 ). Panzer et al.
(36-38) used a 3D dataset available in literature (8) to construct the geometry of the full cervical spine. They compared the vertebral geometry with the existing anatomical studies. 3D hexagonal elements were used to generate mesh on cancellous bone, while cortical bone and endplates of the vertebrae were meshed with two-dimensional quadrilateral elements (Figure 3) . Kallemeyn et al. (19, 20) proposed mesh generation methods using multi-block techniques to simplify the procedure required to create an FE model of the cervical spine using only hexahedral elements. They obtained the vertebral geometry of a specimen from a 74-year-old male The last step in creating the geometry and mesh for the FE model of the cervical spine is modeling of the facet or zygapophysial joints. The anatomy of this joint is composed of three parts: cartilage, synovial membrane and synovial fluid. The space between the two cartilages is usually defined by sliding or gap elements (14, 22). In certain FE models, facet joints are treated as a surface-to-surface contact problem (17, 21, 50). Panzer et al. (38) used a squeeze-film-bearing model to represent the synovial fluid and hexagonal elements to simulate the articular cartilage.
Material Properties
The second most important aspect of a finite element model is the definition of material properties of the individual components. Non-homogeneity, anisotropy and material nonlinearities are prevalent within the cervical structure, although in some instances, linear assumptions may be appropriate for the simulation. For example, linear models have been used to determine the sites of crack initiation during vertebral collapse (6). The material property data of the human cervical spine are developed through controlled laboratory experiments. The wide variation in the material properties used in finite element models generally arises from the inherent biologic variability in the experimental work. This variation causes inconsistency between the material definition in FE models and cadaver experiments.
To assign the material properties, the vertebral mesh is divided into four different groups based on the mineral density of the bone. These groups are cortical bone, cancellous bone, the posterior part and endplates. In most of the FE models, the isotropic elastic model is used to simulate the material properties of all four vertebral parts (13, 16, 19, 20, 26-28, 40-44, 50) . Panzer et al. (38) used an orthotropic elastic material model for cancellous bone to investigate the increase in stiffness in the superior-inferior direction rather than in the transverse direction due to the trabecular structure. Del Palomar et al. (7) modeled the vertebrae as rigid bodies because the researchers focused on the soft tissue response in their model.
The definition of the intervertebral disc causes many complications in finite element modeling of the cervical spine. The complex geometry of the intervertebral disc consists of the annulus fibrosus and nucleus pulposus. The annulus is reinforced with collagen fibers, while the nucleus is composed of a fluid material. Various material models have been proposed for modeling the disc structure. One of the accurate FE models focusing on intervertebral-discmaterial modeling was proposed by Del Palomar et al. (7). To model the annulus, they used a strain energy function with two family of fibers proposed previously (18) and adjusted effort to generate hexahedral elements on the complex geometry of the vertebrae.
Generally, the disc geometry is created after obtaining the vertebral geometry. Intervertebral discs are modeled as solid volumes filling the space between two vertebrae while not exceeding the outer boundary of the vertebral bodies. Several studies (7, 16, 38, 50) defined the disc geometry based on the anterior and posterior thicknesses reported in the literature (11). Kallemeyn et al. (20) generated the mesh between two vertebrae without creating the surface disc geometry. The hexahedral element is the most common type of element used to generate mesh on discs (16, 19, 38, 44, 50) , although tetrahedral elements have also been employed (7, 23).
The geometry of ligaments is defined based on their origin/ insertion, length and cross-sectional area (45) . In general, the proposed ligament models use the same geometric properties as those published previously (3, 34, 35, 46) . As uniaxial structures, the role of ligaments is to resist tensile or distractive forces. The ligaments are often treated as simple elastic beam elements. A standard beam formulation for these elements imposes non-physiologic loading during compression, and tension-only cable elements are preferred (7, 20, 41, 50).
BouNdARY and LoAdING CoNdITIoNS
After constructing the model geometry and mesh and assigning material properties to each spinal component, the last step in creating a FE model of the cervical spine is defining the appropriate boundary conditions. Generally, the boundary conditions are specified on the superior and inferior ends of the FE model. To achieve this boundary condition, every node lying on the inferior surface of the lowermost vertebra is restrained to zero displacement. In quasi-static studies, an axial compressive load is applied on the superior part of the model to represent the weight of the skull (50) . Other types of loading, including tension, compression, shear, flexion, extension, lateral bending and axial rotation can be applied on the superior aspect of the uppermost vertebra, and a follower load that simulates the body weight may be applied to each vertebra (47) .
vALIdATIoN
The validation process is the last step in the FE analysis, after creating the model. The goal of validation is to assess the capability of the FE model in predicting the model response to real-life conditions. This assessment is made by comparing the predictive results of the model and cadaver experiments. The required experimental data for validating the FE model of the cervical spine may be obtained from the reported in vitro or cadaveric studies. A large variety of in vitro studies are available in the literature (12, 29, 30, 33, 43) .
